Alantolactone is the active ingredient in frankincense, and is extracted from the dry root of elecampane. It has a wide variety of uses, including as an insect repellent, antibacterial, antidiuretic, analgesic and anticancer agent. In addition, alantolactone induces apoptosis of human cervical cancer cells, however, its mechanism of action remains to be elucidated. Therefore, the present study investigated whether alantolactone was able to induce apoptosis of human cervical cancer cells, and its potential mechanisms of action were analyzed. Treatment of HeLa cells with alantolactone (0, 10, 20, 30, 40, 50 and 60 µM) for 12 h significantly inhibited growth in a dose-dependent manner. Cells treated with 30 µM of alantolactone for 0, 3, 6 and 12 h demonstrated marked induction of apoptosis in a time-dependent manner. Treatment of HeLa cells with 30 µM of alantolactone for 0, 3, 6 and 12 h significantly induced the generation of reactive oxygen species (ROS) and inhibited glutathione (GSH) production in HeLa cells in a dose-dependent manner. Alantolactone additionally markedly inhibited the Bcl-2/Bax signaling pathway in HeLa cells. Therefore, administration of alantolactone induced apoptosis of human cervical cancer cells via ROS generation, GSH depletion and inhibition of the Bcl-2/Bax signaling pathway.
Introduction
Cervical carcinoma is a commonly observed malignant tumor of the female reproductive system, which occurs in the vagina and cervical canals. It is the second most common gynecological tumor globally, following breast cancer (1).
In the developing world, cervical carcinoma belongs to the common multiple gynecological tumor (2) . Approximately 500,000 new cervical cancer cases are diagnosed annually, accounting for 5% of all diagnosed cases of cancer worldwide, and 80% of these diagnoses occur in developing countries (3) .
The cause of cervical carcinoma remains to be elucidated. A large body of epidemiological data and associated studies has concluded that a major risk factor is infection with the sexually transmitted human papilloma virus (HPV), particularly HPV16 and HPV18 (4). However, not all HPV infections progress to cause cervical carcinoma (5) . Alternative risk factors should also be considered, including sexual disorders, smoking and malnutrition, which may partly explain the high incidence of cervical carcinoma in the lower economic levels of society (6) . It has been reported that cervical carcinoma may be associated with dietary factors, and certain studies have suggested that micronutrients, including folic acid, vitamin A, vitamin C, β-carotene and vitamin E, may have a role in the prevention of human malignant tumors, including cervical carcinoma (7) . These above-mentioned elements are antioxidants (8) . During the process of cervical carcinoma occurrence, reactive oxygen species (ROS) may cause dysregulation of the chemical properties of the body, leading to the damaging of DNA and proteins, eventually causing cancer. In contrast to ROS, the above-mentioned micronutrients, which demonstrate intracellular antioxidant ability, cause active oxygen inactivation, preventing oxidative damage and thus reducing the occurrence of cervical carcinoma (9) .
Inula helenium L. belongs to the Compositae family and the genus Inula. It is a perennial herbaceous plant that is widely distributed across Xinjiang and other regions in China, and in certain areas may be cultivated (10) . The dry root of Inula helenium L. may have medicinal properties, including as an expectorant, insect repellent and antidiuretic agent (11) . Alantolactone is isolated from the elecampane root, and is one of the main terpene lactone compounds. It has been confirmed to exert antitumor, anti-inflammatory and antibacterial effects (12) (13) (14) . Previous findings have shown that alantolactone was able to induce U87 glioma cell apoptosis by mitochondrial injury, via an increase in ROS production (15) .
Alantolactone has been previously identified to be able to induce apoptosis of liver cancer cells . The primary mechanism that allows achievement of this is via adjustment of Bcl-2 protein expression and activation of the caspase family. However, the underlying molecular mechanism through which alantolactone is able to induce anticancer effects and apoptosis in human cervical cancer cells remains to be elucidated. The present study aimed to identify the underlying molecular mechanism and signaling pathway that leads to anticancer effects and apoptosis in human cervical cancer cells. The present study identified ROS and glutathione (GSH) as key effectors, which may lead to activation of the Bcl-2/Bax signaling pathway.
Materials and methods
Reagents. Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were obtained from Sigma-Aldrich (St. Louis, MO, USA). The apoptosis assay kit, ROS-sensitive dichlorodihydrofluorescin diacetate (H2DCFDA) kit, GSH and oxidized GSH (GSSG) kits were purchased from Nanjing KeyGen Biotech Co., Ltd. (Nanjing, China). BCA protein assay was obtained from Beyotime Institute of Biotechnology (Haimen, China).
Cell culture. The HeLa human cervical cancer cell line was obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). HeLa cells were cultured in DMEM supplemented with 10% FBS, 0.03% L-glutamine (Thermo Fisher Scientific, Inc., Waltham, MA, USA), penicillin (100 U/ml; Sangon Biotech Co., Ltd., Shanghai, China) and streptomycin (100 µg/ml; Sangon Biotech Co., Ltd.), and maintained at 37˚C with 5% CO 2 in a humidified atmosphere.
MTT assay. Cell growth inhibition was measured using MTT assay as described previously (16) . Briefly, HeLa cells were dispensed into 96-well flat bottom microtiter plates (Thermo Fisher Scientific, Inc.) and treated with alantolactone (Sigma-Alrich; 0, 10, 20, 30, 40, 50 and 60 µM) for 12 h. Subsequently, MTT solution was added to each well for 4 h. Following incubation with MTT, 150 µl dimethylsulfoxide (GE Healthcare, Logan, UT, USA) was added to dissolve the formazan crystals. Optical density was measured with a microplate reader at 570 nm (Multiskan MK3; Thermo Fisher Scientific, Inc.). Cell viability was calculated based on the following equation: (%) = (A570 sample -A570 blank ) / (A570 control -A570 blank ) x 100.
Observation of apoptosis. Cell apoptosis was measured by flow cytometry. Briefly, HeLa cells were dispensed into 6-well plates (Thermo Fisher Scientific, Inc.) at a density of 1x10 6 per flask. Following 24 h of incubation, HeLa cells were treated with 30 µM of alantolactone for 0, 3, 6 and 12 h. The cells were harvested using trypsin (Wuhan Amyjet Scientific Co., Ltd., Wuhan, China) and washed with phosphate-buffered saline (Sangon Biotech Co., Ltd.). HeLa cells were resuspended in 500 µl of binding buffer (Sangon Biotech Co., Ltd.), and subsequently cultured with 5 µl Annexin V-fluorescein isothiocyanate and propidium iodide in the dark for 15 min, according to the manufacturer's protocol (Nanjing KeyGen Biotech Co., Ltd.). The samples were analyzed using FACScan™ and Epics XL flow cytometers (Beckman Coulter, Inc., Brea, CA, USA).
Measurement of ROS.
Levels of ROS were measured using the H2DCFDA kit. Briefly, HeLa cells were dispensed into 96-well flat bottom microtiter plates and treated with 30 µM of alantolactone for 0, 3, 6 and 12 h. HeLa cells were incubated with 5 µM H2DCFDA for 0.5-1 h. The fluorescence intensity of ROS was measured using a microplate reader (Multiskan MK3) at 485/535 nm.
Measurement of GSH and GSSG. Levels of GSH and GSSG were determined with GSH and GSSG assay kits (Beyotime Institute of Biotechnology). Briefly, HeLa cells were dispensed into 96-well flat bottom microtiter plates and treated with 30 µM of alantolactone for 0, 3, 6 and 12 h. Following treatment, the levels of GSH and GSSG were measured according to the manufacturer's protocol of the GSH and GSSG kits.
Western blot analysis. HeLa cells were dispensed into 6-well flat bottom microtiter plates and treated with 30 µM of alantolactone for 0, 3, 6 and 12 h. Following plasma treatment, HeLa cells were lysed in radioimmunoprecipitation assay buffer [0.1% sodium dodecyl sulfate (SDS); 150 mM NaCl; 1% NP-40; 25 mM Tris-HCl (pH 7.6); 1% sodium deoxycholate]. Subsequently, lysed solution was spun in a centrifuge at 12,000 x g for 10 min at 4˚C. Equal amounts of protein were obtained using the BCA protein assay. Protein (40 µg) was separated using 12% SDS polyacrylamide gel electrophoresis (75 V for 45 min and 110 V for 75 min) and blotted onto nitrocellulose membranes (EMD Millipore, Billerica, MA, USA). Cell lysates were immunoblotted using mouse anti-human anti-Bcl-2 (catalog no., sc-7382) and mouse anti-human anti-Bax (sc-20067; both diluted 1:1,000) monoclonal antibodies (Santa Cruz Biotechnology, Inc., Dallas, TX, USA). The proteins were visualized using a goat anti-rabbit immunoglobulin G PerCP-Cy5.5 conjugated secondary antibody (dilution, 1:3,000; catalog no., sc-45101; Santa Cruz Biotechnology, Inc.) and Amersham ECL Western Blotting Detection Reagent (GE Healthcare Life Sciences, Chalfont, UK).
Statistical analysis.
The results are shown as the mean ± standard deviation, confirmed by at least three independent experiments. Statistical comparisons were performed using one-way analysis of variance. Statistical analyses were performed using SPSS version 13.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Alantolactone inhibits the growth of HeLa cells. The chemical structure of alantolactone (purity of 98% calculated by high-performance liquid chromatography) is shown in Fig. 1 . The anticancer effects of alantolactone on the growth of HeLa cells were measured using an MTT assay. Administration of alantolactone (0, 10, 20, 30, 40, 50 and 60 µM) for 12 h inhibited the growth of HeLa cells in a dose-dependent manner (Fig. 2) . Therefore, 30 µM of alantolactone was used in the subsequent experiments. (Fig. 4) . The results of the present study showed that alantolactone effectively induced ROS generation prior to the 6 h time point.
Alantolactone inhibits GSH and GSSG production in HeLa cells. To investigate whether the levels of GSH and GSSG generation had significant roles in the anticancer effects of alantolactone on HeLa cells, the levels of GSH and GSSG were measured using commercial kits. The results of the present study showed that alantolactone inhibited GSH generation in a time-dependent manner (Fig. 5 ). Following treatment with alantolactone for 6 h, GSH generation was effectively inhibited. However, the levels of GSSG generation did not demonstrate a statistically significant difference in any of the experimental groups.
Alantolactone inhibits the Bcl-2/Bax signaling pathway in HeLa cells.
To investigate the Bcl-2/Bax signaling pathway in alantolactone-induced apoptosis, Bcl-2 and Bax protein expression was determined using western blot analysis. As shown in Fig. 6 , Bcl-2 and Bax protein expression were inhibited and increased, respectively, in a time-dependent manner following treatment with 30 µM of alantolactone for 0, 3, 6 and 12 h. Following treatment with alantolactone for 6 h, the Bcl-2/Bax signaling pathway was effectively inhibited.
Discussion
Cervical carcinoma is one of the primary diseases that present a serious threat to women's health. In terms of global malignant tumor occurrence, the incidence of cervical carcinoma is second only to breast cancer. Cervical carcinoma is one of the leading causes of cancer in developing countries, whereas in developed countries, it is ranked below breast cancer and third overall (1). According to the World Health Organization, there are 500,000 new cases of cervical carcinoma worldwide each year, and 80% of these cases occur in developing countries (17) . There are a total of 140,000 new cases of cervical carcinoma each year in China (18) . The results of the present study indicated that administration of alantolactone was able to inhibit growth and induce the apoptosis of HeLa cells in a dose or time-dependent manner. In addition, Jarrett et al and Shi et al demonstrated clearly that alantolactone inhibited the prolife ration of HCT-8 human colon adenocarcinoma cells (16, 19) . Khan et al (20) reported that alantolactone induced apoptosis in HepG2 hepatoma cells.
Chronic inflammation has long been considered to be a risk factor for a variety of human malignant tumors, particularly cervical carcinoma. The chronic inflammation hypothesis emphasizes that the ROS produced by phagocytes leads to cytotoxicity and mutation (21) . In the event that a chronic inflammatory tissue contains large amounts of nitric oxide (NO) and derivative ROS, NO and ROS may cause direct and indirect damage to DNA and other genetic material (22) . The balance and interaction between NO and ROS has a significant role in the etiology of a tumor (23) . The results of the present study regarding the underlying mechanism of alantolactone action on HeLa cells have implications for the promotion of ROS-mediated curative effects. Khan et al (15) demonstrated that alantolactone induced cell apoptosis via GSH depletion and ROS generation in glioblastoma cells. Zhang et al (24) reported that alantolactone induced cell apoptosis via ROS generation in RKO cells.
The onset of cervical carcinoma may be associated with long-term estrogen stimulation, as cervical carcinoma is a type of hormone dependent tumor (25) . It has been proposed that androgen transfer into estrogen in fat tissue is involved in an increase in the levels of estrogen synthesis (26) . Previous studies identified that Japanese fat consumption and cervical carcinoma incidence was lower compared with Finland. Finnish hydrogen peroxide levels in normal endometrium and GSH-peroxidase (Px) activity were lower compared with that of Japanese individuals. However, in Japan and Finland, patients exhibiting cervical carcinoma had increased endometrial lipid peroxide (LPO) levels compared with a healthy group, while superoxide dismutase and GSH-Px activity was reduced compared with a healthy group. This result demonstrated that cervical carcinoma and multiple quantity increased the intake of fat, resulting in the lipid peroxidation and antioxidant system being weakened (27, 28) . In addition, a previous study demonstrated a significant increase in GSH-Px activity in cervical carcinoma tissue, and in well-differentiated adenocarcinomas this association was more marked compared with moderate or poorly differentiated adenocarcinomas (29) . In the present study, the levels of GSH generation had significant roles in the anticancer effects of alantolactone on HeLa cells. Khan et al (15, 20) demonstrated that alantolactone was able to induce apoptosis of HepG2 cells and glioblastoma cells via GSH depletion.
The present study demonstrated that of the various genes involved in the regulation of cell apoptosis, Bcl-2 is particularly important, as it is regarded as one of the final common pathways of apoptosis regulation (30) . Bcl-2 exhibits increased expression in a number of tumors, and is able to inhibit the natural apoptosis of cells, as well as suppress the apoptosis induced by many antitumor drugs, reducing their cytotoxicity. By contrast, Bax promotes apoptosis (31) . The underlying mechanism of Bax activity does not block apoptosis directly, but inhibits the anti-apoptotic role of Bcl-2 (32). The results of the present study demonstrate that the anticancer effects of alantolactone on HeLa cells were associated with the Bcl-2/Bax signaling pathway. Administration of alantolactone may be capable of inhibiting the Bcl-2/Bax signaling pathway in HeLa cells. Recent studies have suggested that alantolactone likely increases the ratio of Bcl-2 to Bax, therefore inducing apoptosis in cancer cells (33, 34) .
In conclusion, the results of the present study provide evidence that alantolactone is capable of inducing apoptosis in human cervical cancer cells. Consequently, promotion of ROS generation, and inhibition of GSH generation and the Bcl-2/Bax signaling pathway induced the anticancer effects of alantolactone on apoptosis in HeLa cells. The results suggest that alantolactone is a promising Traditional Chinese Medicine that may be utilized for the treatment of cervical cancer. Additional investigation is required to verify the contribution of alantolactone to anticancer therapy in vitro and in vivo.
